In this paper we investigated the effect of substrate temperature (25-300°C) on the aspect ratio (thickness/width) of the silver lines formed by aerosol jet printing (AJP). This effect was studied by varying the speed of substrate (50-250 mm/min.) and the number of printing layers (1-25 layers) in order to obtain lines with high aspect ratio. It is shown that AJP on a heated substrate at a temperature equal to >100°C allows to increase the aspect ratio of the lines more than 17 times in comparison with conventional AJP. It is established that the aspect ratio of the lines increases with the increase in the number of printing layers and the decrease in the speed of substrate. Silver lines with high aspect ratio of 1.7 with a width of about 25 μm were formed. This result is important for the formation of current-carrying microcircuits with a high density of elements.
INTRODUCTION
The conventional method of aerosol jet printing (AJP) is a universal method for printing electronic components on various substrates using a large selection of functional inks [1] [2] [3] [4] . The AJP method is becoming more and more popular in the field of printed electronics, as it allows to create inexpensive electronic elements with a size of 10 μm to several millimeters [5] [6] [7] [8] . Conducting lines with a narrow width and a large cross-sectional area are preferred in printed electronics for the purpose of forming circuits with a high density of elements 6, 9 . In this regard, the main task of researchers in the field of printed electronics is to create microstructures with high values of the aspect ratio (AR), where the AR is defined as the ratio of thickness to the width of the lines 10 . For example, in the paper 6 , a technique was investigated to increase the AR of the lines by changing the parameters of the AJP method, namely, by controlling the aerosol and sheath gas flow rates. However, this technique did not significantly allow to increase the AR of the lines to values greater "than 0.2" In another paper 11 , the AR of the line increased due to the increase in the number of printing layers and the slow printing speed, but this only resulted in a slight increase in the AR of the line, because due to the spreading of the ink, both the thickness and the width of the formed lines increased.
In this paper we investigated the effect of substrate temperature (25-300°C) on the values of AR of the silver lines formed by AJP on a heated substrate. This effect was studied by varying the speed of substrate (50-250 mm/min.) and the number of printing layers (1-25 layers) in order to obtain printed lines with high aspect ratio. Figure 1 shows the scheme of the experiment setup to study the effect of the substrate temperature on the AR values of silver lines formed by AJP on a heated substrate. The experiments were performed using a commercial aerosol jet printer AJ 15XE (Neotech AMT GmbH) 12 . The ink used was a conductive silver ink Micro PE PG-007MOP (Paru Co., Ltd) with a mass concentration of silver nanoparticles equal to 50%, dispersed in ethylene glycol 13 . was used as the carrier gas for the aerosol and sheath gas flows. The glass substrate was placed on the surface of the C-MAG HP 4 hot plate (IKA Works, Inc.), which moved relative to the nozzle at a variable speed of substrate V s in the range from 50 to 250 mm/min. During the experiment, the substrate temperature T s was controlled in the range from 25 to 300°C. The number of printing layers N p varied from 1 to 25 layers. The width and the thickness of the lines for determining the AR of the line were obtained from analysis of the cross-sectional profile of the printed lines, which was measured using an optical profilometer Leica DCM 3D. As a result, a series of experiments were performed to estimate the effect of the substrate temperature on the values of the AR of the lines with a variation in the speed of the substrate and the number of printing layers. It can be seen from Fig. 2a that the values of the AR of the silver lines increases linearly with increasing the substrate temperature in the range from 25 to 100°C, and when the substrate temperature increases above 100°C, the AR of the lines did not change and become constant for all values of the speed of substrate. This result indicates that the reason for the growth of the AR of the line in the temperature range from 25 to 100°C is probably associated with a decrease in the degree of spreading of the ink as a result of their rapid drying and solidification on the surface of the heated substrate. As a consequence, the highest values of AR of the line are reached at a substrate temperature equal to or higher than the sintering temperature of the ink. For example, the starting temperature of the sintering used by the silver ink is about 100°C and higher according to the ink specifications 13 . In Fig. 2a , it is seen in the attainment of AR of the line values for its maximum when the substrate Aerosol particles in the form of liquid microdroplets were obtained by means of a pneumatic atomizer while spraying silver ink. Then the particles were directed to the coaxial nozzle for focusing and deposition on the heated substrate, see Fig. 1 . In the experiment, a nozzle with an output diameter of 150 μm was used. The distance from the nozzle to the substrate was 2 mm. The aerosol flow rate Q a and the sheath gas flow rate Q sh were 50 and 100 sccm, respectively. Pure nitrogen N 2 (99.9999%) temperature rises above 100°C. In this connection, it can be concluded that in order to form the highest possible microstructures, it is recommended to use the substrate temperature at which the ink dries and solidifies completely during the deposition of the ink on the substrate. Fig. 2a shows that the higher AR of the lines are obtained for microstructures formed at a lower speed of substrate, namely at Vs=50 mm/ minute. However, it should also be taken into account that with a decrease in the speed of substrate from 250 to 50 mm/min. the width of the lines increases from 35±4 to 62±6 μm, respectively, see Fig. 2b . Therefore, in order to obtain at the same time narrow lines having a large cross-sectional area, in subsequent experiments, the V s was chosen to be 125 mm/min. Figure 3 shows that when the lines are printed on a heated substrate at Ts=200°C, the AR of the lines increases almost linearly with increasing number of printing layers. For example, the AR of the lines increases from 0.1 to 1.7 when the number of printing layers is increased from 1 to 25 layers, respectively. The use of a heated substrate allows increasing the AR of the line by more than 17 times in comparison with lines printed on an unheated substrate. However, when the lines printing on an unheated substrate at Ts=25°C, the values of AR of the lines remain almost unchanged with increasing number of printing layers. This indicates that when the ink is deposited on an unheated substrate, along with the increase in line thickness due to a larger amount of deposited material, its width also increases proportionally in accordance with the expression AR=(thickness/width). Fig. 4 clearly shows the cross-sectional profiles of the lines and their 3D images, depending on the number of printing layers formed at Ts=25°C and Vs=100 mm/ min. Fig. 4 shows that as the number of printing layers increases, the thickness and width of the lines also increase. This is probably related to the process of spreading ink over the substrate at room temperature.
EXPERIMENTAL

RESULT AND DISCUSSION
Under conditions of printing on a heated substrate, when the material is deposited on the heated surface, the ink dries and solidifies, not having time to spread, and the subsequent layer of the material precipitates already on the sintered surface. Fig. 5 also clearly shows the cross-sectional profiles of the lines and their 3D images, depending on the number of printing layers formed at Ts=200°C and Vs=100 mm/min.
It can be seen from Fig. 5 that with an increase in the number of printing layers from 1 to 25 layers, the line width remains almost constant ~25 μm, and the thickness of the line increases from 3 to 40 μm, respectively. Thus, the AJP method on a heated substrate is similar to some of the traditional methods for layered creation of 3D objects 14 . According to the results of the experiments, it has been established that using the AJP method on a heated substrate it is possible to form lines with a relatively high aspect ratio AR>1, which is relevant for the creation of electronic circuits with high element densities and is of fundamental importance in the development of new functional 3D micro devices.
CONCLUSION
The influence of the substrate temperature, the speed of substrate and the number of printing layers on the aspect ratio of the lines formed by the method of aerosol jet printing on the heated substrate is studied. It was found that with an increase in the substrate temperature in the range from 25 to 100°C, an almost linear increase in the values of the aspect ratio of the lines from the substrate temperature is observed. In addition, it was found that the substrate heating temperature above 100°C practically does not affect the AR values for different speed of substrate from 50 to 250 mm/min. The result is probably due to a change in the speed of drying and solidification of the ink on the surface of the heated substrate, which reaches its maximum values and goes to constant at the temperature of complete sintering of the ink on the substrate. It has also been found that the lower the speed of substrate, the more AR of the lines can be obtained. Under the conditions of using the heated substrate to 200°C, by varying the number of printing layers from 1 to 25 layers, the possibility of linear increase in the values of AR of the lines from 0.1 to 1.7, respectively, and having a minimum width of about 25 μm is demonstrated.
